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ABSTRACT
The intensities of the ten strongest 훾-ray transitions following the 111푆푛 (푇1∕2=35.3 m) decayhave been determined via comparison of the two sets of the experimental photonucleon reac-
tion yields driven using the traditional activation equation and the activation equation for the
genetically coupled radioactive nuclei. The found absolute intensities of the 훾-ray transitions in
question were happened to be noticeably different from the currently recommended values.
1. Introduction
Nucleus decay data are important for both nuclear spectroscopy theories and experimental techniques determining
nuclear reaction cross sections or yields by means of residual activity measurements. The tin-111 (111푆푛) nucleus
decaying by (휀 + 훽+)-process with the half-life of 35.3 m populates a large array of excited levels of the indium-111
(111퐼푛) daughter nuclide among which there is an isomeric state with the excitation energy 537.2 keV and the half-life
푇 푚1∕2 = 7.7 푚 (Fig. 1). The ground state of the 111퐼푛 nuclide (푇 푔1∕2 = 2.80 푑) decays to the stable 111퐶푑 one followingthe strong 훾-ray transitions of 171.2 keV and 245.3 keV. The last evaluated decay data for the A=111 nuclear mass
were recommended by publication [1] and involved to NuDat 2.8 base [2]. Meanwhile the intensity values of the 훾-ray
transitions between the 111퐼푛 excited levels following the 111푆푛 decay are based on the relatively old experimental
measurements, mostly performed at the 1970-1980s (see references of [1]), and taken with detectors of relatively low
efficiencies and poor resolutions compared with the current 훾-ray spectrometry techniques.
A large quantity of experimental measurements of activation cross sections and yields of different nuclear reactions
induced by various incident particles, which lead to the formation of the 111푆푛 nuclide, have been carried out for basic
and applied purposes to date [3]. The correct values of the 훾-ray emissions following the residual nuclei are needed for
the correct determination of the nuclear reaction cross sections or yields using a 훾-ray spectrometry activation tech-
nique. We have met this problem determining the bremsstrahlung activation yields of the near-threshold photonuclear
reactions on the 112푆푛 nuclide as a target which are partly of interest as input data for studying the 훾-scenario of the
stellar nucleosynthesis of the so-called 푝-nuclei [4, 5].
2. Experimental procedure and analysis
2.1. General notes
The 111푆푛 radioisotope was produced by the 112푆푛(훾,n)111푆푛 photonuclear reaction at the 30 MeV electron linear
accelerator located at the National Scientific Center Kharkiv Institute of Physics and Technology (NSC KIPT). The
electron beam of ∼10 휇A current and 15 MeV and less energies impacted to the 100 휇m tantalum foil to be converted
to a bremsstrahlung photon flux irradiating the investigated target placed along the electron beam axis while non-
converted electrons were deflected with a permanent magnet. Four self-supporting tin metallic foils having the square
shape with side 18 mm and total weighing 77 mg enriched with the 112푆푛 isotope to 80% level were used as the
unified target. At every irradiation the gold foil of 20 mm in diameter weighing 120 mg was placed with the studied
tin target in the close geometry in order to use the 197퐴푢(훾,n)196퐴푢 reaction as the standard one to determine the
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Figure 1: Simplified scheme of the 111푆푛 → 111푚,푔퐼푛 → 111퐶푑 radioactive chain.
bremsstrahlung flux. The cross sections of the last reactionwere earlier measured and evaluated by several experimental
teams [6, 7, 8, 9] in the giant resonance region the results of which are consistent each with other well and the 196퐴푢
residual radioactive decay has the very suitable properties [2] for its activity measurement. The ionization chamber
placed along the beam axis was monitoring the photon flux crossing both targets during irradiations. Several exposures
of such the combined target (the target sandwich) were carried out over a range of bremsstrahlung endpoint energies
between the threshold of the 112푆푛(훾 ,n)111푆푛 reaction (10.79 MeV) and 15 MeV to obtain the energy dependence of
the photoactivation yield.
After each irradiation lasting usually ∼100 m the targets were delivered to a low-background room far from the
accelerator as soon as possible in order to begin to measure the energy spectra of 훾-rays following the radioactive decay
of the 111푆푛 and its daughter 111퐼푛 using a coaxial Canberra High Purity Germanium detector with relative efficiency
of 30% in comparison to the efficiency of (3 in.ÃŮ3 in.) 푁푎퐼(푇 푙)-detector and 1.8 keV resolution for the 1332 keV
훾-line of the 60퐶표 isotope source. To reduce ambient radioactivity the detector was contained in a lead shield, with
walls 12 cm in depth and degraders of 3 mm 퐶푑 and 5 mm 퐶푢 line the inside of the shield to reduce the interference of
the 푃푏 fluorescence X-rays. The 훾-ray spectra of the 196퐴푢 (푇1∕2 = 6.16 d [2]) residual nucleus of the standard reactionwere measured secondarily. The irradiated targets were mounted along the vertical axis of the spectrometer on several
sample-to-detector distances between 5 and 10 cm. The measurements of the detector full-energy-peak efficiency
were performed at the (50-1500) keV 훾-ray energy region using 22푁푎, 60퐶표, 133퐵푎, 137퐶푠, 152퐸푢, 226푅푎, and 241퐴푚
calibrated point sources. Fig. 2 shows the energy dependences of the detector efficiency for the two distances between
the source and crystal end-cup.
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Figure 2: The full-energy peak detection efficiency curves of the HPGe 훾-ray spectrometer for sample-to-end-cap distances
5 and 10 cm.
2.2. Activity measurements
The two typical 훾-ray spectra of the 112푆푛 target irradiated with 15 MeV bremsstrahlung are shown in Fig. 3. A
shorter-live fraction of the induced radioactivity is given in the upper panel, a longer-live one in the lower one. The
arrows of the upper panel indicate the 10 strongest gamma-ray transitions in the 111퐼푛 nucleus following the 111푆푛
decay. The energy of each transition is indicated in kiloelectron-volt units above the arrow.
Figure 3: Short (upper panel) and long (lower panel) fractions of the typical 훾-ray spectrum measured after irradiation of
the 112푆푛 target with 15 MeV bremsstrahlung.
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The 훾-ray spectrummeasured one day later irradiation (the lower panel of Fig. 3), except weak background, contains
only 2 strong peaks (171 keV and 245 keV, indicated with arrows), which are correspond to the 훾-rays following the
decay of the 111푔퐼푛 nucleus (푇 푔1∕2 = 2.80 d) being the daughter of the 111푆푛 nucleus (see Fig. 1) and on the other
side can be additionally produced via the 112푆푛(훾,p)111푚+푔퐼푛 reaction (the 7.55 MeV threshold) in appliance with the
scheme:
The energies and intensities of the mentioned 훾-ray transitions of the 111푆푛 → 111퐼푛 → 111퐶푑 radioactive chain
borrowed from NuDat 2.8 base [2] are presented in Table. 1.
Table 1
Energies and intensities of the 훾-ray transitions following the 111푆푛,111푚퐼푛, and 111푔퐼푛 decays [2]
퐸훾 [keV] 퐼훾 [%]
111푆푛 → 111퐼푛
372.3 0.42 (7)
457.5 0.38 (6)
537.2 0.25 (4)
564.3 0.30 (5)
761.9 1.48 (23)
954.0 0.51 (8)
1101.1 0.64 (11)
1152.9 2.65 (40)
1610.4 1.31 (20)
1914.7 2.0 (3)
111푚퐼푛 → 111푔퐼푛
537.2 87.2 (5)
111푔퐼푛 → 111퐶푑
171.2 90.7 (9)
245.3 94.1 (10)
2.3. Experimental data analysis
The radioactive decay curves derived analyzing the two most intense 훾-ray transitions (761.9 and 1152.9 keV) of
the 111퐼푛 daughter nucleus are depicted in Fig. 4. The half-life values (indicated in the plot) of the 111푆푛 radionuclide
determined from the time dependencies of the intensities of these two 훾-lines are in good agreement with the the NuDat
2.8 base value 35.3 (6) m [2]. The remaining gamma lines following the 111푆푛 decay obey the same consistent pattern
of exponential decay.
The bremsstrahlung activation yield 푌 of the 112푆푛(훾,n)111푆푛 reaction can be determined solving the traditional
activation equation (1)
푆훾
휀 ⋅ 퐵푟 ⋅ 푛 ⋅ 휙
= 푌
휆
⋅
(
1 − 푒−휆푡1
)
⋅ 푒−휆푡2 ⋅
(
1 − 푒−휆푡3
) (1)
in which 푆훾 is the experimental area of any 훾-ray peak of the 111푆푛 decay, 휀 the full-energy peak detection efficiency,
퐵푟=퐼훾∕100 branching coefficient of the same 훾-ray transition, 푛 the number of nuclei in the target being irradiated, 휙the flux of the bremsstrahlung photons covering the target, 휆 radioactive decay constant, 푡1, 푡2, and 푡3 the irradiation,cooling and measurement times of the target activity respectively.
De-excitation of the 111퐼푛 states (including the 111푚퐼푛 isomer) populated by the decay of 111푆푛 leads to the 111퐼푛
ground state. The experimental areas 푆훾 of the 171.2 keV and 245.3 keV 훾-ray peaks of the 111푔퐼푛 decay at the
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Figure 4: Decay curves of the 111푆푛 radioactive nucleus constructed from the 761 keV and 1152 keV 훾-line intensities.
푡2 cooling time much more 7.7 m (the 111푚퐼푛 isomer half-life) obey the equation (2) [10] for genetically-coupledradioactive nuclides
푆훾
휀⋅퐵푟⋅푛⋅휙 = 푌푝 ⋅
휆푝⋅휆푑
휆푑−휆푝
⋅
[ 1−푒−휆푝푡1
휆2푝
⋅ 푒−휆푝푡2 ⋅
(
1 − 푒−휆푝푡3
)
− 1−푒
−휆푑 푡1
휆2푑
⋅ 푒−휆푑 푡2
(
1 − 푒−휆푑 푡3
)]
+푌푑
1−푒−휆푑 푡1
휆푑
⋅ 푒−휆푑 푡2 ⋅
(
1 − 푒−휆푑 푡3
) (2)
where in our case 푌푝 and 푌푑 are the yields of the parent (111푆푛) and daughter (111퐼푛) nuclei, 휆푝 and 휆푑 the decayconstants of the parent and daughter nuclei respectively.
The curves of the 111퐼푛 nucleus accumulation and decay plotted according to the experimental 훾-line intensities
171.2 keV and 245.3 keV, measured after the end of irradiation of the tin target, are shown in Fig. 5. These time
dependences obey equation (2) and their forms are due to the differences of the half-lives of the parent and daughter
members of the radioactive chain and the values of the yields (푌푝 and 푌푑 in the equation (2)) of the 112푆푛(훾 ,n)111푆푛
and 112푆푛(훾 ,p)111퐼푛 reactions respectively. The growing pieces of the 111퐼푛 activity curves at the left part of Fig. 5
are explained by the feeding of the longer-living nucleus by the shorter-living one decay. Fitting the equation (2) for
genetically-coupled activities by least squares method we were able to determine the values of the both yields and
obtained an unexpected result: the values of 푌푝 (i. e. of the 112푆푛(훾 ,n)111푆푛) reaction turned out to be noticeablyless than those determined using the traditional activation equation (1). Both data sets for different bremsstrahlung
energies are shown in Fig. 6. The decay features of the long-lived 111퐼푛 nucleus are investigated quite well to date and
the only reason for this observation may be large uncertainties of the experimental values of the 훾-ray emission values
of the radiation transitions following the 111푆푛 isotope decay.
The circles of Fig. 6 represent the experimental weighted average values of the photonuclear 112푆푛(훾 ,n)111푆푛
reaction yields calculated applying the traditional activation equation (1) and the current [2] 훾-ray emission values of
the 10 strongest 훾-ray transitions of the 111푆푛 → 111퐼푛 decay. The set of the triangles was obtained applying equation
(2) for genetically coupled activities and the database [2] emission values of the 171.2 keV and 245.3 keV 훾-rays of
the 111퐼푛 → 111퐶푑 decay.
The numerous measurements and analysis of the decay 훾-ray energy spectra at different bremsstrahlung energies
and cooling times of the irradiated target enable us to recalculate the new values of the 훾-ray emission values for the
10 strongest radiation transitions following the 111푆푛 nucleus radioactive decay. The intensities of the 9 transitions,
excluding the 537.2 keV one, were happened to be lower those of NuDat 2.8 base [2] at the average factor of 1.64
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Figure 5: Accumulation and decay curves of the 111퐼푛 isotope nuclide.
Figure 6: The 112푆푛(훾,n)111푆푛 reaction yields determined using the traditional activation equation (circles) and equation
for genetically coupled activities (triangles).
(0.10). The 537.2 keV 훾-ray intensity recalculating taking into account different contributions of the (훾 ,n) and (훾 ,p)
reactions is lower at the factor of 1.92 (0.16).
In addition the solid and dashed curves in Fig. 6 represent the integral bremsstrahlung yields of the 112푆푛(훾 ,n)111푆푛
reaction calculated from the cross sections predicted by the statistical theory of nuclear reactions implemented in the
NON-SMOKER computer code [11] and TENDL-2019 data library [12] respectively. Further interpretation of the
112푆푛(훾 ,n)111푆푛 and 112푆푛(훾 ,p)111푚,푔퐼푛 activation yields are currently underway.
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3. Conclusions
So we can present updated values of the intensities of the 10 훾-ray transitions following the 111푆푛 radioactive
decay. They are presented in the right column of Table 2.
Table 2
New intensities of the 111퐼푛 훾-ray transitions following the (휀 + 훽+)-decay of the 111푆푛 nucleus.
퐸훾 퐼훾 [%]
[keV] NuDat New data
372.3 0.42 ± 0.07 0.26 ± 0.05
457.56 0.38 ± 0.06 0.23 ± 0.04
537.2 0.25 ± 0.04 0.13 ± 0.03
564.34 0.30 ± 0.05 0.18 ± 0.04
761.97 1.48 ± 0.23 0.90 ± 0.08
954.05 0.51 ± 0.08 0.31 ± 0.05
1101.18 0.64 ± 0.11 0.39 ± 0.0
1152.98 2.7 1.65 ± 0.10
1610.47 1.31 ± 0.20 0.80 ± 0.09
1914.70 2.0 ± 0.03 1.21 ± 0.12
The new intensity values of the 훾-ray emissions following the 111푆푛 nucleus decay will be interest for both nuclear
spectroscopy theories and correct calculations of activation cross sections and yields of those nuclear reactions where
the 111푆푛 radioactive nuclide is a residual one. The numerous relevant data presented in the EXFOR database have to
be revised.
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